Efficiency of solar disinfection (SODIS) was evaluated for the potability of rainwater in view of the increasing water and energy crises especially in developing countries. Rainwater samples were collected from an underground storage tank in 2 L polyethylene terephthalate (PET) bottles and SODIS efficiency was evaluated at different weather conditions. For optimizing SODIS, PET bottles with different backing surfaces to enhance the optical and thermal effects of SODIS were used and different physicochemical parameters were selected and evaluated along with microbial re-growth observations and calculating microbial decay constants. Total and fecal coliforms were rainwater, however, and by using some means for accelerating SODIS process, rainwater can be disinfected and used for potable purposes.
INTRODUCTION
In the face of decreasing water sources and increasing energy crises, Rainwater Harvesting (RWH) may be seen as one of the most appropriate alternatives for supplying freshwater at household level and at community level as well. A rainwater utilization facility to use stored rainwater consists of its catchment area, a treatment facility, a storage tank, a supply facility and pipes (Han & Mun 2008) . Despite its long history of application, RWH is rarely used for domestic purposes where abundant water supplies are available and provided by government and public sectors.
However, potential applications of RWH exist for roof catchments in areas where a centralized water supply and distribution system does not exist. Their usage is small but it is growing (Han 2007) . RWH has been used at the household level only on a limited scale and mostly for non-potable purposes. The potable use of rainwater, however, is limited and one of the major constraints is the microbial quality of stored rainwater which is not good doi: 10.2166/wst.2009.347 mostly due to the possible contamination upon contact with roof catchment. This requires the minimum treatment by simple disinfection methods that are practically suitable according to the resources (cost and energy) available in rural or semi-urban areas of developing countries.
The use of solar energy as an alternative to chlorination is recently developed which is at least economically viable in countries with a high degree of sunlight radiation. SODIS is one of the low cost, low energy disinfection method promoted by World Health Organization (WHO), however, not much scientific and engineering data is available.
Although, SODIS efficiency is evaluated by using different sources of contaminated water including wastewater (Sinton et al. 2002) , freshwater (Dan et al. 1997) , seawater (Sinton et al. 1999 ) and bathing waters (Mascher et al. 2003) , however, there have been no detailed studies for evaluation of the SODIS for rainwater disinfection in the context of supplying potable water supplies in rural/semi-urban areas of developing countries.
Solar energy provides two mechanisms of treatment i.e. thermal (pasteurization) and UV-A radiations which can work independently, but studies indicate synergistic effects when they are applied together (McGuigan et al. 1998) .
Disinfection using sunlight was termed as SODIS for the first time almost three decades ago (Acra et al. 1984) . In these studies, Acra et al. used transparent glass and plastic vessel and found solar radiation effective in inactivating a wide range of microorganisms including fecal indicator.
The solar-based drinking water treatment processes were further investigated almost a decade later using batch reactors of small volumes for disinfection of drinking water (Goswami 1995 (Goswami , 1997 Cooper & Goswami 1998) .
Other approaches like different backing surfaces were used to enhance the efficiency of SODIS by increasing the thermal effects of reflective PET bottles (Sommer et al. 1997; Kehoe et al. 2001) .
Disinfection efficiency of SODIS for rainwater treatment is evaluated using general quality indicators and microorganisms. Total and fecal coliform are used to assess bacteriological water quality. These organisms are used to index hygienic quality because total and fecal coliform are usually associated with fecal contamination and thus their numbers reflect the degree of pathogenic risk. Fecal Coliform (FC) is the most widely used indicator to determine the possible presence of pathogenic organisms and is often used as an indicator to judge water quality.
Heterotrophs use organic chemicals as a principal carbon source. HPC can be used to determine the presence of organic matter in water and as an indicator of general water quality.
The purpose of this study is to; (1) find the effects of different weather conditions on SODIS efficiency, 
MATERIALS AND METHODS
This study is carried out at Seoul National University in Seoul, Korea. The choice of site for sample collection is made mainly with regard to the availability of the rainwater facility installed in couple of buildings at campus. The rough schematic diagram of RWH system in one of these buildings is shown in Figure 1 while detailed description is already published (Han & Mun 2008) . Among the components of RWH system are the couple of storage tanks where rainwater is stored after collecting from roof and terrace catchments with a total surface area of about 4,000 m 2 . The rooftop RWH system mainly provides water for non-potable purposes in these buildings including toilet flushing.
Rainwater, taken from the underground storage tanks, is placed at rooftop by exposing to direct sunlight for 9 h from 9 am to 6 pm every day during the summer and winter calculating 'k' value for HPC. Microbial re-growth is also investigated by keeping the bottles at room temperature for few days after exposed to sunlight.
RESULTS AND DISCUSSIONS
The efficiency of SODIS is investigated under different weather conditions depending on the irradiance range by using different types of container's rear surface and by changing the initial parameters like sample's pH and turbidity values. Bacteriological parameters were measured at appropriate time intervals usually after every 2 h during 9 h's exposure. The sample was removed and then kept at room condition for further one day to one week for observing the microbial re-growth, if any. Table 1 
EFFECTS OF WEATHER CONDITIONS (RADIATION AND TEMPERATURE EFFECTS)

THE EFFECTS OF DIFFERENT BACKING SURFACES UNDER DIFFERENT WEATHER CONDITIONS
Selection of best type of container suited under different weather conditions is one of the main objectives of this 2 -3 h except for E. coli. In case of strong sunlight, SODIS efficiency improved by 25% with a radiation difference of three times with weak sunlight conditions. The second important difference is that of best backing surface which is absorptive due to thermal effects because of maximum temperature difference at late hours although reflective containers are effective for first half of exposure time as shown in Figure 5b . This proves the thermal effects although inactivation difference is not very significant. Transmissive containers shows poor performance where by both effects of radiation and temperature are not concentrated as compared to reflective or absorptive types.
The microbial inactivation followed first-order kinetics, based on log-linear plots. (Sommer et al. 1997) .
The better results of absorptive type PET bottles under strong weather conditions are also in accordance with the previous findings (Sommer et al. 1997) . The temperature enhancement observed in absorptive type due to blackbacking was mainly due to the strong sunlight intensity, which means that synergetic interaction between thermal and optical effects that occurred due to high temperature, above 508C, will not occur under weak and moderate sunlight intensities. Therefore, the absorptive type PET bottles should be the best choice only when the sunlight irradiance is higher than at least 500-600 W/m 2 . For irradiance less than these values, reflective type backing should be used for the best performance of SODIS. prolonged resistance even at strong sunlight or against full UV range as is obvious from HPC results.
RADIATION EFFECTS BY USING REFLECTIVE CONTAINERS UNDER ALL WEATHER CONDITIONS
SODIS effects are critical during middle stage at peak radiations for mild or cold weathers but for hot weather SODIS is even effective in afternoon periods except for E. coli. SODIS proved to be ineffective for complete disinfection even at strong sunlight radiations, however, direct correlation of radiation and inactivation is observed and TC removal increased from 50 to 80% with a three fold increase in sunlight radiation. Furthermore, inactivation difference of TC and FC or E. coli decreased from about 10% under weak sunlight to about 3% for strong sunlight intensities proved lethal thermal effects for fecal organism.
No parameter met the potable guideline values, 0 CFU/100 ml for TC, FC and E. coli and 10 CFU/ml for HPC, however, the relative removal of indicator microorganism was HPC , TC , FC/E. coli.
Microbial inactivation is directly related with sunlight intensity, which is very obvious because of the strong optical effects of short wavelength components of sunlight in the solar UV (300 -400 nm) especially those in the UVB range (300 -320 nm). Because UVB is highest as a proportion of solar irradiance when the sun is at its highest altitude near solar noon, as is clear from an increase in the inactivation rate at this time, from 11 am to 3 pm, in conducted experiments. All the results showed the same tendency signifying a close relationship between sunlight intensity and time required to inactivate microorganisms.
Temperature measured inside the bottles leads to the conclusion that it is not a predominant factor in the elimination of microorganisms, and it is mainly radiations that determines the efficiency of SODIS. Another important factor is the presence of natural organic matter (HPC concentrations) which may also act as a photosensitizer and hence improve the disinfection efficiency (Curtis et al. 1992) .
THE EFFECTS OF INITIAL PH AND TURBIDITY VALUES
Among number of operating parameters affecting SODIS, the effects of only two basic physicochemical parameters including pH and turbidity were evaluated. All rainwater samples were kept undisturbed with an air space in reflective PET bottles for air circulation to achieve aeration (Reed 1997) . Table 4 . Rainwater with acidic pH has higher 'k' value, although not significant for TC.
Microbes are sensitive to the hydrogen ion concentration but most bacteria grow best around neutral pH values (6.5-7.0). Low pH may be beneficial from the standpoint of protein nutrition but it may increase inactivation rate by presenting a significant additional stress to the cell, for example by requiring it to expend energy maintaining pH homeostasis, thus accelerating the depletion of Adenosine triphosphate (ATP), the main energy storage and transfer molecule in the cell, and/or reducing equivalents. Biosynthetic reaction comes to halt as a consequence of ATP depletion and there is a loss of cell's ability to maintain its integrity, especially with respect to membrane systems (Foegeding et al. 1996) . The resulting metabolic stress due to low pH may also reduce the rate at which energy-consuming proteins in the cell can scavenge reactive oxygen species (ROS), such as hydroxyl radical, superoxide radical anion, hydrogen peroxide, and singlet oxygen, and/or repair damaged Deoxyribonucleic Acid (DNA), facilitating more rapid photoinactivation. ROS damage external structures of microorganisms, such as cell membranes.
There is no health-based guideline for pH and Annual
Report of the National Health and Medical Research
Council in 1996 indicates that the consumption of food or beverages with low (2.5) or high pH (11) does not result in adverse health effects. The taste of water at pH of 5 is also not bad and it is at least much better than commercially available beverages with much less pH values.
Also, the efficiency of SODIS was compared with different turbidity values as shown in Figure 8 . Once again, experiments were repeated and the corresponding standard deviations are mentioned in Table 5 . Rainwater collected from underground storage tank had turbidity less Table 5 .
High turbid water may show substantial temperature increase due to absorption of solar radiation by suspended particles and hence it may help in higher disinfection efficiency (Joyce et al. 1996) . The contrary results, however, 
MICROBIAL RE-GROWTH
Another factor that was needed to be considered was that of microbial re-growth or reactivation of microorganisms if water is to be kept for several hours after exposure. Finally, with maximum possible storage of rainwater in storage tank and using some means to accelerate SODIS process (by using simple devices to concentrate radiation effects by reflection, using very cheap heat resistant bag for enhancing thermal effects, and by using some commonly available food products to achieve low pH), rainwater can be disinfected completely and used for potable purposes.
Initial microbiological investigations and SODIS results
revealed interesting findings providing the opportunities of future research in the area of RWH systems and SODIS applications for disinfection of stored rainwater to be used as potable supplies in developing countries.
